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Abstract
The Pantanal is a major wetland in the inner South America, with the potential for 
production of large quantities of biomass of aquatic fl oating species, especially water 
hyacinth (Eicchornia crassipes and E. azurea), during the aquatic phase of the fl ood-
pulse characteristic for this ecosystem. Such biomass could be wisely managed for the 
production of biofuels. This should be based on the concepts of renewability and eco-
system surplus, and could help in neutralizing of regional and global industrial carbon 
impacts and to induce socioeconomic development. The aquatic biomass exploitation 
would require low fossil energy and materials inputs, leaving a positive energy balance, 
with minimal interference in the environment. This emerging biofuel-based economy 
in the Pantanal can be a good example of human adaptation to climatic changes by 
managing carbon export of natural wetlands. The concepts described herein could be 
used in other natural, restored or artifi cially constructed wetlands.
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1. Introduction
The renewable processes of transferring ma-
terials and energy in ecosystems are ubiquitous. 
While the solar energy fl ows in a single direction, 
chemical elements are continuously recombined 
by ecosystems to maintain their structure and func-
tion. In ecosystem thermodynamics, it is necessary 
to consider the amount of solar energy spent to 
make goods or services, both directly or indirectly 
(O’Neill et al. 2006). Therefore, it is necessary to 
characterize the renewability of a given source, as 
a measure of fast turnover or non-fossil energy and 
materials effectively employed in the productive 
chain of a given product (Muller 2007). Moreover, 
the management of ecosystems for food and en-
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ergy products needs to rely on the concept of the 
ecosystem surplus, such as the concept of human 
appropriation of net primary production (HANPP) 
discussed by O’Neill et al. (2006). Basically, it 
means that there must be an exploitable threshold 
in which a renewable and sustainable resource can 
be removed from the ecosystem without affecting its 
structural and functional integrities (i.e. maintains 
its ecosystem resilience). It can also be viewed as
the amount of pristine ecosystem resources that 
can be used for human needs that would otherwise 
inexorably and quickly undergo biogenic gas releases 
to the atmosphere.
In this review we discuss the potential usage of 
aquatic biomass (water hyacinth) produced in the 
Pantanal in the light of the concepts previously dis-
cussed consonant to the principles 
of Ecohydrology, as set forth in 
Zalewski (2002a, 2002b).
2. Material and methods
This review is based on pub-
lished data regarding the Panta-
nal wetland ecosystem structure, 
functionality and hydrology-cli-
mate-human forcing dynamics. 
Thereafter information on fl oating 
biomass production and riverine 
exportation is compiled to derive 
a fi rst order estimation of the po-
tential and sustainable biomass 
useful for biofuel production in 
terms of life cycle analysis (LCA) 
and HANPP. Finally, detailed 
published information on the 
main species of water hyacinth, 
Eicchornia crassipes, is used to 
estimate biofuel potentials ac-
cording to chemical and physical 
characteristics of its biomass and 
water content.
3. Results and discussion
3.1. Description of the 
Pantanal wetland
The Pantanal is a major tropi-
cal wetland in the inner South 
America (Fig. 1). Its peculiar 
geomorphologic aspects were ad-
dressed by Assine (2005), while 
human threats and hydrologic fea-
tures are very well documented 
by Junk and Cunha (2005). The 
extraordinary productivity and 
biodiversity is largely stimulated by the annual 
fl ood-pulse that provides water and materials for 
photosynthesis and other complex metabolic routes 
(Junk et al. 1989). The water balance in the fl ood-
plain is usually negative, since evapotranspiration 
exceeds rainfall in about 400 mm every year. The 
fl ood-pulse slowly fl ows like a “soliton wave” from 
the rainy north and northeastern uplands (Cerrado 
and Amazon ecotones) to southern fl oodplains of 
the Upper Paraguay River Basin (Fig. 1). Due to 
the large distance from densely urbanized areas and 
the diffi culty to exploit the wetland with petroleum 
energy and materials, Pantanal ecosystems has been 
conserved rather unaltered since the earlier occupa-
tion by Iberian Europeans. Recent anthropogenic 
threats are the social (cultural and educational) 
Fig. 1. Spatially interpolated digital elevation model (DEM) in m.a.s.l. 
highlighting the Paraguay River fl oodplain (lighter area) in the Brazilian 
Pantanal (thin black contour) in South America. Note the location of the city 
of Corumbá and Porto da Manga in the Paraguay River. The ~8000 km2 sub-
region called “Pantanal of Paraguay” is delimited by a thick black contour. 
90-m spatial resolution DEM in UTM coordinates was obtained from the 
Shuttle Radar Topography Mission (SRTM, http://www2.jpl.nasa.gov/srtm). 
Interpolation made in SPRING GIS  (http://www.dpi.inpe.br).
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degradation, extreme climate events, upland land-
use changes resulting in water and soil degradation 
(small hydroelectric dams and agriculture based on 
petroleum inputs), and hydrologic-geomorphologic 
engineering to recover enduring fl ooded lands in 
the Taquari river basin or to improve navigation in 
the main stem of the Paraguay River.
Most of the rural economy in the Pantanal 
fl oodplain is based on extensive cattle raising, but 
ranchers use very little fossil energy and materials for 
pasture growth, being largely reliant on the natural 
fl ood-pulse. The rising water phase of the fl ooding 
provides water and nutrients to the autotrophic 
growth of native pastures around the fl oodplain. 
Without human/cattle intervention this biomass is 
only partially grazed and incorporated to the micro 
and macro terrestrial fauna or burnt in lightning-
induced wildfi res, which would return large fraction 
of the assimilated carbon to the atmosphere in the 
form of biogenic or pyrogenic trace gases. Naturally, 
part of it is used by heterotrophic aquatic bacteria in 
the following water phase, being incorporated to the 
aquatic biota, retained in freshwater sediments, or 
transferred downstream to the Atlantic Ocean, where 
it would settle or be returned to the atmosphere in 
the form of biogenic gases.
In general, it can be said that this traditional 
human/cattle intervention in the Pantanal fl ood-
plain for beef production is somewhat renewable 
and sustainable because there is neither signifi cant 
use of fossil energy and materials nor signifi cant 
interference in the fl ood-pulse dynamics and general 
ecosystem services. There are punctual negative 
aspects if we consider the small social progress due 
to people isolation, the eventual clearing of native 
non-fl ooding areas for exotic pasture cultivation, and 
enteric methane emissions from the cattle. Social 
concerns can be controlled by public policies in 
telecommunication, and the environmental issues 
by a better monitoring of this ecosystem. In general, 
compared to “business as usual” beef farms in other 
areas, traditional beef production in Pantanal wetland 
is more likely based on the ecosystem surplus due 
to the fl ood-pulse, maintaining biodiversity and 
wisely using ecosystem services.
Climate change scenarios based on twelve 
Global Climate Models suggest that the Pantanal 
will experience an increase in water availability up 
to the second half of the 21st century. The La Plata 
Basin runoff may increase in 10-40% by 2050 (Milly 
et al. 2005). Actual observations corroborate these 
scenarios, although it is expected the concomitantly 
occurrence of extremely wet or dry events. The 
analysis of secular daily river-level registers made 
by the Brazilian Navy indicates a wetter Pantanal 
since 1974 (Bergier et al. 2008) with only three 
dryer events in 2001, 2005 and 2009. By the mid 
1970, rainfall and river fl ow (level) increased in the 
whole La Plata Basin (Liebmann et al. 2004; Dai 
et al. 2009). Thus model scenarios and observed 
data suggest that in Pantanal, particularly in the 
Paraguay River fl oodplain, social and economic 
development can reasonably rely on fl oodplain water 
in this century, though considering the increase of 
eventual extremes of very dry and very wet years. 
3.2. Sustainable biofuel production in the 
Pantanal wetland: global and regional 
perspectives
The replacement of petroleum by renewable 
energy from ecosystems and agroecosystems rep-
resents a central strategy to mitigate and to adapt 
to climate changes. It is known that monocultures 
based on great inputs of fertilizers, pesticides and 
herbicides derived from petroleum may not be prop-
erly renewable (Muller 2007). On the other hand, 
the aquatic biomass of pristine (also restored and 
constructed) wetlands might be a promising resource 
for second generation biofuels that assures the tripod 
renewability, sustainability and ecosystem surplus.
Floodplains are placed along with the most 
productive and diversifi ed ecosystems. Biomass 
production annually adapts to the changing ecotone 
according to the duration and strength of the fl ood-
pulse. Over the dry period terrestrial grasses develop 
preferably, while aquatic plants thrive in the wet 
season. In the aquatic phase of the fl ood-pulse the 
production of fl oating species increases, especially 
Eicchornia crassipes and E. azurea (Pott, Pott 2000; 
see also Fig. 2) that are commonly known as water 
hyacinth. Assuming the occurrence of adequate 
aquatic environments in about 50% of the 8000 km2
of the Brazilian Paraguay river fl oodplain (see the 
area delimited by the black contour line in Fig. 1), 
the annual water hyacinth production may reach 
about 0.8 to 2.4 × 107 tons (Mg) of dry biomass, 
although unevenly distributed throughout the year. 
Based on weekly information of videographic data 
(Ivan Bergier, unpublished results), water hyacinth 
exported by the riverine ecosystem of Pantanal is 
asymmetrically concentrated between March and 
July, nearly in phase with the dynamics of the 
fl ood-pulse (Fig. 4).
Preliminary collections in the river strait near 
Corumbá city indicate that the annual riverine 
exportation of this fl oating aquatic vegetation is 
roughly 1.7 × 106 tons of dry biomass (Ramires 
1993), corresponding to 7 to 21% of dry biomass 
of water hyacinth’s total potential production in 
the Paraguay River fl oodplain (see Fig. 3). This 
comprises nearly 60% of the riverine carbon ex-
portation of the fl oodplain, with the remaining 40% 
as organic and inorganic dissolved and particulate 
80 I. Bergier et al.
carbon (Ramires 1993). Considering a carbon frac-
tion of about 38% in water hyacinth (Table I), its 
exportation by the Paraguay River may represent 
about 1% of the net ecosystem production taking 
place in Pantanal. This is much lower than the 20-
-25% of the mean global HANPP (O’Neill et al.
2006), which makes riverine-exported biomass of 
water hyacinth environmentally sound to use as 
a source for biofuels. We also can consider other 
ecological and socioeconomic benefi cial aspects of 
using the ecosystem surplus of water hyacinth for 
such a purpose, such as i) the non-food nature of 
the biomass; ii) its use does not involve land-use 
changes or agroecosystems changes for biofuel 
crops; iii) its potential low economic and energetic 
cost and its potential for being harvested at a few 
collecting points on the river for biomass processing; 
and iv) the potential benefi ts for the downstream 
ecosystem health from the periodic water hyacinth 
extraction (Saha-Das, Jana 2003). These factors 
indicate the potential value for a biofuels economy 
in the Pantanal based on water hyacinth. It would 
combine ecosystem surplus and social inclusion 
through the creation of direct and indirect jobs, 
Fig. 4. Theoretical exportation (ecosystem surplus) of water hyacinth based on weekly video data and its phase 
correspondence with the Pantanal fl ood-pulse (surplus unity is arbitrary, though the year integration may exceed 
a million metric ton of dry biomass). A sample of 1-hr video (two frames per minute) of water hyacinth islands 
fl owing in the Paraguay River in March 23, 2008 (Corumbá, see Fig. 1) is available at http://www.youtube.com/
user/Ivaberg/videos.
Fig. 2. A small tributary of the Paraguay River fully 
clogged by fl ourishing water hyacinth, near Porto da 
Manga, Mato Grosso do Sul State, Brazil. Image credit, 
Ivan Bergier (May 8, 2009).
Fig. 3. Floating mats of water hyacinth, a promising 
source of wetland biofuels, carried out by the Paraguay 
River in Porto da Manga. Image credit, Ivan Bergier 
(May 8, 2009).
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leading to economic profi tability based on renew-
ability and sustainability.
3.3. Eicchornia crassipes: characteristics 
and potential biofuel production 
Native to Brazil, but dispersed in all fi ve con-
tinents, water hyacinth has become a serious en-
vironmental issue due to its high (vegetative and 
sexual) reproduction rate and dispersion (NAS 1976; 
Gopal 1987; Wilson et al. 2005; Téllez et al. 2008). 
Alternatively, the high reproduction rate, nutrient 
uptake, and biomass yields made water hyacinth an 
interesting solution for wastewater treatment and 
biogas production (NAS 1976, Gunnarsson, Petersen 
2007; Malik 2007). A comparison of dry biomass 
productivity of water hyacinth and other plants is 
shown in Fig. 5. Data on water content, dry weight 
and chemical and structural compositions of water 
hyacinth are listed in Table I.
At present, second generation biofuels produced 
by pyrolysis (Mesa-Pérez et al. 2005; Boateng 
et al. 2007) and gasifi cation (Higman, Burgt 2008) 
would be a promising approach for use of water 
hyacinth. Pyrolysis main products are bio-oil and 
biochar (Lehmann 2007), whereas the main target 
of gasifi cation is syngas, a gas mixture of hydrogen 
and carbon monoxide used in Fischer-Tropsch (FT) 
process with catalysts to synthesize hydrocarbons 
such as gasoline or diesel. Biochar can be a poten-
tial carbon sink in soils (Lehmann 2007), while 
enhancing soil characteristics for a more sustainable 
agriculture (McHenry 2009).
Biomass-to-liquids (BTL) technologies (which 
does not demand signifi cant changes in motor en-
gines) based on water hyacinth may substantially 
increase the portfolio of available biomass resources. 
The higher heating value (HHV in kJ/kg) and the 
lower heating value (LHV in kJ/kg) of water hyacinth 
can be derived by:
HHV = -8419.7 + (479.3 × C) + 
+ (677.6 × H) + ( 58.8 × O) + (1207.7 × S)    
[1]
LHV = HHV (1 - w / 100) - 2.447 (w / 100) - 
- [(22.047) (w / 100) (1 - w / 100)]       [2]
Assuming the calculated central values of C, 
H, O, S, and w given in Table I, the LHV of the 
wet biomass of water hyacinth might be roughly 
1.6 MJ/kg, which is very low when compared to 
reasonably dryer crop residues and forestry biomass 
resources. Therefore, despite of its high biomass 
yields (Fig. 5), water hyacinth may need to be 
treated with heat for BTL processing. Solving this 
issue by recovering heat from pyrolysis, gasifi cation 
or solar heaters (remembering that solar energy is 
plenty accessible in tropical wetlands areas), water 
hyacinth viability can be substantially enlarged not 
only for FT synthesis but also for cellulosic ethanol 
(Nigam 2002; Mishima et al. 2008; Hronich et al.
2008; Sukumaran et al. 2009; Chandel et al. 2011). 
Water hyacinth has also been envisaged as a 
promising source of hydrogen (which demands 
substantial changes in motor engines), which LHV 
is 125 MJ/kg. Water hyacinth biomass can be gas-
ifi ed in supercritical water (pressure over 221 bars), 
producing a balanced gas mixture of hydrogen 
and carbon dioxide, and an aqueous solution rich 
in minerals. Molecular sieve fi lters can be used to 
segregate hydrogen molecules from carbon dioxide 
Table I. Water content, chemical and structural compositions of water hyacinth biomass.
Lower limit Upper limit Central value Reference
Water content (%)
w 85 95 90 This study
Dry Matter (%)
Cellulose 18 31 24 Bolenz et al. 1990; Chanakya et al. 1993 
Hemicellulose 18 43 30 Poddar et al. 1991; Patel 1993
Lignin 7 26 16 Bolenz et al. 1990; Chanakya et al. 1993 
Ashes 15 26 20 Bolenz et al. 1990; Abdelhamid, Gabr 1991
Elemental composition (%)
C 33 43.3 38.4
Chynoweth et al. 1981; Matsumura 2002
H 5.3 6.4 5.85
O 27.5 28.8 28.1
N 1.5 4.3 2.9
S 0.35 0.59 0.47
P 0.7 0.84 0.77
K 2.75 2.8 2.78
Ca 0.95 1.68 1.32
Na 0.88 2 1.44
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and water vapor in the gas mixture to achieve high-
energy gas yields (Matsumura 2002; Mozaffarian 
et al. 2004; Matsumura et al. 2005).
The advantages of using the natural surplus 
of water hyacinth for biofuels is better seen when 
the whole productive chain is considered in the 
context of life cycle analysis – LCA (Muller 2007). 
Economic and environmental viability derives es-
sentially from the used fraction of fossil energy and 
materials. The larger the fossil resources employed 
for biofuels production, the lesser is the whole ef-
fi ciency (Delucchi 2006; Gallagher 2008). In the 
case of pristine, restored or constructed fl oodplains, 
the ecosystem surplus in the form of water hyacinth 
is naturally transported downstream by the riverine 
system, avoiding petroleum and machinery involved 
in biomass yield cropping. Thus in terms of LCA, 
the use of Pantanal wetland ecosystem biomass 
surplus of water hyacinth is appropriate due to 
i) minor energy investment for cropping (the riv-
erine system does the assembly and transportation 
work); and ii) little trace gas emission footprints 
for biomass cropping and processing (mitigation of 
land-use and fossil trace gas emissions for energy, 
pesticides, herbicides and fertilizers). Moreover, it 
is likely that only 1% of the annual net ecosystem 
production is transported by the Paraguay River as 
water hyacinth. Assuming conservatively that a sig-
nifi cant amount of this material would biogenically 
result in methane emissions, its use as biofuels would 
simply be a better use for a common atmospheric 
emission of biogenic methane.
Concluding remarks
In the Pantanal, the usage of naturally exported 
water hyacinth biomass for biofuels relies on the 
annual fl ood dynamics. The ecosystem surplus of 
water hyacinth biomass exported by the Pantanal 
wetland is sustainable and renewable, and can be 
a good source of biomass for biofuels production, 
regarding climatic change scenarios. More studies 
shall be carried out for a detailed characterization 
Fig. 5. Productivity of water hyacinth (Eicchornia crassipes) in comparison to other vegetal species and genera. 
Adapted from Duke (1983).
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on the structure and functionality of fl oating mats 
exported by riverine ecosystems. The greater the 
understanding on this fl oating mats the better and 
more sustainable will be its biomass-to-biofuels 
conversion.  To generally satisfy the concept of 
ecosystem surplus, it demands scrutinizing hydro-
logical, ecological and biogeochemical processes 
to defi ne a reasonable water hyacinth exploitation 
threshold for retaining basic ecosystem services. 
Biofuels from water hyacinth produced in restored 
or constructed wetlands may also be recognized as 
a replicable example of mitigation and adaptation 
strategies to cope with the progression of regional 
and global environmental changes and the high cost 
or depletion of petroleum in the near future.
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